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Description 

BACKGROUND QF THE INVENTIQN 

a) Field of the Invention 5 

The present invention relates to instruments and 
methods for the spectrophotometric determination of 
glucose in the aqueous humor of the eye and the esti- 
mation of the level of glucose in the blood based on the to 
values thus obtained. 

b) Background Art 

An important aspect in the treatment of diabetes is is 
the frequent determination of the Wood glucose level of 
the patient so as to manage food intake and the dosage 
and timing of insulin injections. Presently, blood glucose 
analyzers for home use by the patient require lancing of 
the finger to obtain a drop of blood. The blood is placed 20 
on a strip containing reagents which react with glucose 
to form a chromophor which is then read by a reflect- 
ance colorimeter within the analyzer. This procedure is 
painful and it may result in infections which are particu- 
larly hazardous to diabetic persons. In addition, the 25 
annual cost of reagent strips can range from several 
hundred to over one thousand dollars per year per 
patient. 

Non-invasive in vivo determination of blood constit- 
uents by near-infrared spectroscopy was first applied to so 
oximetry, the determination of the oxygen content of the 
blood based on the spectral characteristics of hemo- 
globin and oxyhemoglobin. Wood (US Pat 2,706,927) 
described a method using two wavelengths of light. 
Shaw (US Pat 3.638,640) improved this procedure by 35 
using more wavelengths of light. This technique was 
made significantly more practical by use of the modula- 
tion caused by the pulse as invented in 1972 by Aoyagi 
(Japanese Application 9477U, April 1979). Improve- 
ments were described by Nielsen (US Pat 4,167,331) <o 
and Flower (US Pat 4,863,265). This pulse oximetry 
technique is in routine clinical use. JObsis (US Pat 
4,223.680). Chance, Ferrari, Hazeki, Seiyama. Tamura, 
Takada and coworkers have applied spectrophotometric 
techniques to the in vivo determination of oxygen in the 45 
brain and other tissues. Research in this area contin- 
ues. Relevant publications include: Chance B et a/., 
"Comparison of time-resolved and -unresolved meas- 
urements of deoxy hemoglobin in brain", Proc. Natl. 
Acad. Sci. USA 85: 4971 -4975: Ferrari M et a/., "Contin- so 
uous non-invasive monitoring of human brain by near- 
infrared spectroscopy", Adv Exp Med Biol 191:873-882 
(1985); Hazeki O et a/.. "Near-infrared spectrophoto- 
metric monitoring of haemoglobin and cytochrome 8,83 
in situ", Adv Exp Med Biol 215: 283-289 (1987): Sei- 55 
yama A et a/., "Simultaneous Measurement of Haemo- 
globin oxygenation of brain and skeletal muscle of rat in 
vivo by near-infrared spectrophotometry", Adv Exp Med 
Biol 215: 291-295 (1987): Tamura M et a/.. "Spectro- 



scopic characteristics of rat skeletal and cardiac tissues 
in the visible and near-infrared region", Adv Exp Med 
Biol 215: 297-300 (1987): Takada M et al., "Non-inva- 
sive near-infrared measurements of human arm tissues 
in vivo*, Adv Exp Med Biol 215: 301-304 (1987); Ferrari 
M et a/., "Determination of cerebral venous hemoglobin 
saturation by derivative near-infrared spectroscopy", 
Adv Exp Med Biol 248: 47-53 (1989). 

Various workers have attempted to use near-infra- 
red spectroscopy for the in vitro or in vivo characteriza- 
tion of tissue for malignancy including Rosenthal (US 
Pat 4,017,192), who suggested in vitro examination, 
and Stoddart (US Pat 4,570,638, 4,725,147, and 
4,817,623), who described an in vivo method and appa- 
ratus. To date these methods do not appear generally 
useful. 

The use of in vivo spectrophotometric measure- 
ments for the non-invasive transcutaneous determina- 
tion of glucose was described by Dahne and Cross (US 
Pat 4,655,225) using typically two wavelengths of near- 
infrared light in the range from 1000 to 2700 nanome- 
ters. Investigations by Peura and Mend el son were 
reported by Schrady in February 1985. Schrady N, "The 
view from a distance: advances in optics and electronics 
are allowing physicians to glean diagnostic information 
without drawing blood", Forbes 135 (2): 142 (1985). 
Schmidtke (DE 3541165, EP 226822) described a 
three-wavelength device for measurement of glucose 
through the ear lobe using interference filters at 805, 
1300, and 1600 nanometer wavelengths and optical 
modulation at different frequencies to separate the infor- 
mation. Rosenthal (US Pat 5,028,787) describes a sys- 
tem for in vivo measurement of glucose in blood using 
transmission or interaction at least one pair of wave- 
lengths in the spectral region between 600 and 1100 
nanometers. Robinson (US Pat 4,975,581) describes 
methods and apparatus means for the determination of 
an analyte in biological fluid samples characterized by 
the algorithm and mathematical calibration model used 
to calculate unknown concentrations of the analyte. 
NASA has supported SBIR Phase 1 and Phase 2 pro- 
grams in "Non-invasive blood analysis during manned 
space flight" under contract 90-1-12.02-1545 with Bos- 
ton Advanced Technologies. To date, while the results 
are promising, none of these approaches has reached 
the level of precision and accuracy necessary for effec- 
tive monitoring of blood glucose levels in vivo, largely 
due to the interferences from other blood constituents, 
notably hemoglobin in the 600 to 1100 nanometer 
region, and from various tissue components. In addi- 
tion, the pulse and movements by the patient during 
measurement add temporal variations to the measure- 
ments. 

March (US Pat 3,958,560 and 4.014.321) sug- 
gested the measurement of optical rotation to deter- 
mine the glucose concentration in the aqueous humor 
of the eye which was then related to the blood glucose 
level of the patient. However, miniaturization and attach- 
ment of the measurement device to the eye in similar 
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fashion to a contact lens proved impractical. However, 
Reim and March provide evidence that the glucose level 
in the aqueous humor is related to that in the blood and 
the lag time between blood glucose changes and aque- 
ous humor concentrations is sufficiently short to allow 5 
monitoring of blood glucose via measurements on 
aqueous humor. 

It is, accordingly, an object of the present invention 
to provide a new and improved apparatus for and 
method of using near-infrared energy for the determine- 10 
tion of glucose concentration in the blood based on 
measurements made of the aqueous humor of the eye. 

SUMMARY OF THE INVENTION 

15 

In accordance with one aspect of the present inven- 
tion, a broad band of near-infrared energy is caused to 
illuminate the eye, particularly the corneal region, in 
such a manner that the energy passes through the 
aqueous humor in the anterior chamber of the eye and 20 
is then reflected from the iris. The reflected energy then 
passes back through the aqueous humor and the cor- 
nea and is collected for spectral analysis and detection. 
The constituents of the cornea, aqueous humor, and iris 
absorb near-infrared energy at different wavelengths in 25 
amounts that are characteristic of the materials and 
their concentration within the optical path. The electrical 
signals representative of the reflected optical energy at 
a multitude of wavelengths are processed using multi- 
variate modeling and calibration techniques to provide so 
for calculation and readout of the estimated blood glu- 
cose levels based on the spectral absorption of glucose 
and of the other interfering substances in the eye and 
the correlation of the spectral absorption within the eye 
to blood glucose levels. 35 

Another implementation of the present invention 
provides that the eye is illuminated by a narrow wave- 
length band of energy, the center wavelength of which is 
sequentially varied continuously or in a stepwise man- 
ner so that a non-wavelength-specific detection means <o 
can provide electrical signals representative of the mul- 
titude of wavelengths necessary for determination of 
glucose as described above. 

Yet another implementation of the present invention 
provides that a broad band of near-infrared energy is 45 
spectrally encoded, by means such as an interferom- 
eter, a time-variable encoding mask placed in a dis- 
persed spectral image, an acousto-optical filter, the 
electrical modulation of multiple discrete sources, or 
other similar techniques known to the art. The multiplic- so 
ity of encoded narrow wavelength bands are simultane- 
ously used to illuminate the eye. The combined 
reflected energy is collected and converted to a com- 
posite electrical signal representative of the energy at 
all wavelengths simultaneously. This electrical signal is ss 
decoded by means such as the Fourier transform, Had- 
amard transform, or other techniques related to the orig- 
inal encodement technique to provide information 
relating to the reflected energy at each of the multiplicity 



of narrow wavelength bands which comprise the broad 
band illumination of the eye. These spectral data are 
used as above to determine blood glucose. 

In accordance with another preferred aspect of the 
present invention, the illumination and detection means 
are configured and positioned so that the specular 
reflection of the illumination from the curved anterior 
surface of the cornea is directed away from the detec- 
tion means thereby preventing the spectroscopic errors 
associated with the detection of light which has not 
undergone absorption by the sample. In addition, the 
detection means is configured and positioned so that 
extraneous light from the surrounding environment is 
substantially blocked so that it does not reach the detec- 
tion means. 

In accordance with another preferred aspect of the 
present invention, the illuminating energy is modulated 
optically or electrically and the detection and electrical 
signal processing means are made responsive only to 
said modulated signals while discriminating against sig- 
nals that are unmodulated or those modulated at the 
frequency of the power line and its harmonics, thereby 
rejecting constant extraneous illumination such as sun- 
light and artificial sources which have a constant inten- 
sity and/or an intensity component which varies in 
accordance with the powerline frequency supplying said 
sources. 

In accordance with another preferred aspect of the 
present invention, the fixation means produce visible 
light so directed as to provide a fixation point for the 
user, thereby aiding the user to maintain the proper 
location and orientation of the apparatus. The intensity 
of this source is such that it will cause the pupil to con- 
tract thereby maximizing the reflecting area of the iris. 
Additional visual cues for the positioning of the device 
are provided by incorporation of more visible light 
sources in a pattern indicative of positioning errors and 
their direction, the light from which is all or partially 
blocked by the iris when the unit is correctly positioned. 
Additional visual indications are provided by blinking the 
light source at various rates or the use of additional 
sources arranged in accordance with the principles of 
this aspect of the invention. 

In accordance with another preferred aspect of the 
present invention, the electrical signals representative 
of the reflected energy are analyzed by univariate 
and/or multivariate signal processing techniques to 
determine whether the user has moved the apparatus, 
Winked, moved the eye, or otherwise caused changes in 
the measurement geometry that could cause errors in 
the glucose determination. The signals are also ana- 
lyzed to ensure that they conform to the multivariate cal- 
ibration model. The entire measurement sequence is 
repeated at a sufficiently high rate so that moderate 
motions typical of hand-held operation will not cause 
significant errors. Non-conforming signals are automat- 
ically rejected and not included in the signal averaging 
process. A visual and/or aural indication is provided for 
the user to indicate that the signals are suitable for 
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processing thereby aiding correct operation by rapid 
feedback and reinforcement. When sufficient accepta- 
ble signals have been accumulated, the glucose value 
is computed and a different visual and/or aural signal is 
provided to notify the user that the measurement is 
complete. 

For a better understanding of the present invention, 
reference is made to the following description and 
accompanying drawings while the scope of the inven- 
tion will be pointed out in the appended claims. 

BRIEF DESCRIPTION OF DRAWINGS 

In the drawings, 

Figure 1 is an external perspective view of a near- 
infrared instrument for the spectroscopic measure- 
ment of the aqueous humor of the eye for the pur- 
pose of determining blood glucose levels. 
Figures 2, 2a, 2b are a detailed view, partially in 
cross section, of one preferred embodiment of the 
optical arrangement for illumination of the eye with 
spectrally encoded near-infrared energy, collection 
of the reflected energy, broadband detection 
means, and provision of the visible fixation point 
and other user information. 
Figure 3 is a near-infrared spectrum of the eye 
measured in the wavelength range from 700 to 
1100 nanometers. 

Figure 4 shows two near-infrared spectra of the eye 
measured in the wavelength range from 1100 to 
2500 nanometers. 

Figure 5 is a detailed cross sectional view of a sec- 
ond preferred embodiment of the optical arrange- 
ment for illumination of the eye with broadband 
near-infrared energy, collection of the reflected 
energy, and spectrally selective detection means. 
Figure 6 is a block diagram of the first preferred 
embodiment of the invention comprising the elec- 
tro-optical data acquisition subsystem and the mul- 
tivariate signal processor and readout subsystem. 
Figure 7 is a block diagram of the electro-optical 
data acquisition subsystem of the second preferred 
embodiment of the invention. 

PETAilEP DESCRIPTION OF THE PREFERRED 
EMBODIMENTS AND BEST MOPE 

Trie invention uses the principle of passing light 
through a sample beyond which diffuse reflection takes 
place causing the light to return back through the sam- 
ple for measurement, a technique that is sometimes 
called transf lection. In the present invention, the sample 
comprises the cornea and aqueous humor of an eye 
while the diffuse reflector is the iris. Using the principles 
of multivariate modeling and calibration described by 
Martens and Naes (Martens H and T Naes. "Multivari- 
ate Calibration", John Wiley and Sons, New York (1989) 
ISBN 0 471 90979 3), the measured spectra are related 
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to the blood glucose level of the person on whom the 
eye measurements were made. This relationship 
depends on the correlation between the glucose level in 
the aqueous humor of the eye and that of the blood 

5 which has been reported by Reim, March and others 
(Reim M et a/., "Steady state levels of glucose in the dif- 
ferent layers of the cornea, aqueous humor, blood and 
tears in vivo", Ophthalmologics 154: 39-50 (1967); 
March WF et a/., "Non-invasive glucose monitoring of 

io the aqueous humor of the eye: Part II. Animal studies 
and the scleral lens", Diabetes Care 5 (3): 259-265 
(1982)). Because of this correlation, it is not necessary 
to directly measure the glucose concentration in the 
aqueous humor in order to generate the multivariate 

is model and calibration but rather, the calibration mode- 
ling may be performed using the blood glucose level in 
relationship to the measured spectral data. In addition, 
the iris, which is supplied with blood, wilt contribute to 
the measured spectra. 

20 The spectrophotometer to make these measure- 
ments could take several configurations, such as a mod- 
erate sized laboratory instrument with remote f toer optic 
transmission of the energy to and/or from the eye or a 
small hand-held, portable, self-contained unit suitable 

25 for the user to carry easily in a pocket or purse. The lat- 
ter preferred embodiment is illustrated in Figure 1. The 
case 1 is preferably less than 30 x 80 x 130 mm (1.2 x 
3.2 x 5.2 inches). 

The unit is used by looking into optical window 2 while 

30 holding the unit against the cheek to help steady it and 
establish the distance from the optics to the eyeball. 
Soft resilient ambient light shields 3 on each side unfold 
to lie between the unit and the face so as to substan- 
tially block ambient light. Preferably, an integral cover 4 

35 is provided to protect the optical aperture and ambient 
light shields when the unit is stored. The inside of the 
cover 4 preferably comprises a reflecting means to redi- 
rect the source energy back into the detection means 
when the cover is closed, thereby providing a reference 

40 energy measurement that includes any optical window 
effects such as dirt or fingerprints. A display 5, prefera- 
bly using an LCD or LED provides readout of the glu- 
cose value and instrument diagnostic and test 
information including battery status. A battery compart- 

45 ment 6 is provided at the opposite end of the instrument. 
The eye 7, which can be seen in cross section in 
Figure 2, is a particularly useful site for measurements 
to determine blood glucose levels because it serves as 
a natural cuvette holding the aqueous humor 8 between 

so the cornea 9, which serves as a window, and the iris 1 0. 
The approximately 3 mm depth of this chamber at its 
center is variable from person to person and the depth 
decreases away from the center. This depth is quite 
suitable for near-infrared spectroscopy in the near- infra- 

55 red as is shown in Figure 3, showing the spectrum of the 
eye with the strong water absorption band at 970 
nanometers. Even the longer wavelength region shown 
in figure 4, in which the water peak centered at 1440 
nanometers is saturated, shows the ability to measure 
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below 1 400 nanometers and even in the region between 
1550 and 1750 nanometers. There are several glucose 
absorption bands within these usable regions of the 
near-infrared spectrum. 

The aqueous humor is a clear transparent liquid 
composed largely of water with 7 to 8 g/l of NaCI, a level 
similar to that of Wood plasma, but only 0.1 g/l of pro- 
teins compared to 60 to 70 g/l in blood plasma. NaCI 
does not absorb near-infrared light although it has a 
small effect on the spectrum of water. The low concen- 
tration of protein is advantageous in reducing its spec- 
tral interference, which has a major effect in plasma and 
Wood. Other constituents include bicarbonates, lactic 
acid, ascorbic acid, and glucose. It is of great signifi- 
cance that the aqueous humor does not contain cells, 
which would cause scattering of the energy, nor hemo- 
globin, melanin, or other pigments which are strongly 
absorbing in the shorter wavelength near-infrared 
region and interfere with in vivo transcutaneous meas- 
urements of Wood glucose. The aqueous humor is 
famed continuously, with about 1% of its total volume 
being produced and discharged each minute. There- 
fore, its glucose concentration can track that of the 
Wood with a lag time constant sufficiently short (about 
10 minutes) so that it is useful for blood glucose moni- 
toring purposes. 

A first preferred optical arrangement for illuminating 
and measuring the reflected energy is shown in Figures 
2, 2a and 2b. The eyeball 7 is approximately a 12 mm 
radius sphere, somewhat flattened on the anterior and 
posterior poles. The cornea 9 is a transparent mem- 
brane with a nearly spherical anterior surface of about 
7.8 mm radius whose center of curvature 1 1 is about 5 
mm forward of the center 12 of the eyeball. The thick- 
ness of the cornea at the anterior pole varies from 0.4 to 
0.7 mm which increases towards the periphery yielding 
a posterior radius of about 6.5 mm. 90% of the corneal 
thickness is corneal stroma, formed mainly of collagen 
fibers and water. The iris 10 is a fairly flat disk about 12 
mm in diameter pierced in its center with a variaWe cir- 
cular pupil opening 13. The pupil diameter can vary 
from 1.5 mm to 10 mm. For example, the iris can dilate 
to 8 mm diameter in the dark and contract to 2 mm 
diameter in strong light. Moderate light typically pro- 
duces a pupil diameter of about 4 mm. The amount of 
visible illumination reaching the eye is preferably con- 
trolled so that a pupil diameter of 2 to 4 mm results, 
causing at least 90% of the iris area to be available as a 
diffuse reflector of the near-infrared measuring illumina- 
tion. The crystalline lens 14 lies behind the iris blocking 
the pupil opening. The space between the lens 14 and 
the retina 15 is then filled with the vitreous humor 16. 
The vitreous humor glucose level does not track Wood 
glucose sufficiently well to be useful, however, the water 
absorption of vitreous humor allows almost no near- 
infrared energy to reach the retina, reflect, and escape 
to be included in the measurement. In addition, in the 
preferred embodiment, only the iris area is included in 
the measurement field with the pupil area blocked from 



view. 

The optical power of the cornea is considered in 
this preferred optical arrangement The near-infrared 
index of refraction of the cornea and aqueous humor is 

5 sufficiently close to the visiWe light values to use the 
known visiWe light optical power as the basis of this 
design. The object focal point 1 7 of the cornea is the ori- 
gin point from which light will be colltmated within the 
aqueous humor of the eye. This focal point is approxi- 

10 mately 23.7 mm in front of the corneal apex. An f/2 
beam of light from a small source area located at this 
position will spread to approximately 12 mm diameter at 
the corneal surface and then become collimated within 
the aqueous humor and fully illuminate the iris. The 

75 image focal point 1 8 of the cornea is approximately 31 .5 
mm behind the apex of the cornea. The reflected energy 
from the iris which is approximately parallel to the line 
from the reflecting point through the image focal point 
18 of the cornea will exit the cornea approximately par- 

20 allel to the optic axis and enter the detection aperture 1 9 
where a segmented lens 20 piecewise reimages the iris 
on to the detection means 21 . The molded segmented 
lens typically has sixteen lens segments 22, and a flat 
central region 23 through which the illuminating energy 

25 passes. It also serves as a sealed window for the unit. 
The detection means 21 is preferably a photodiode 
detector of silicon or InGaAs comprising individual seg- 
ments 24 matching the segments of the iris image pro- 
duced by the segmented lens 20, although alternatively 

30 a ring detector may be used. The individual segments 
24 are preferably electrically connected in parallel to 
sum the signal current PreferaWy, an additional detec- 
tor area 25 is provided for detection of the transmitted 
energy 26 to serve as a reference for the reflectance 

35 calculation. This energy from the source at 17 is 
reflected by mirror surfaces 27 and 28 onto detector 
area 25. This provides a continuous reference measure- 
ment to supplement and correct the reference measure- 
ment obtained from the inside of the cover. 

40 The surface reflection of the cornea at normal inci- 
dence is approximately 2% which increases with the 
angle of incidence so that significant amounts of inci- 
dent light may be reflected by the cornea. In the pre- 
ferred embodiment, the optical geometry is arranged so 

45 that the specularly reflected near-infrared measurement 
energy is directed away from the measurement input 
considering the curved surface of the cornea as a mir- 
ror. For example, the corneal surface reflection of illumi- 
nating ray 17 becomes ray 29. which is directed 

so completely away from the detection lens aperture 19. 
Ambient light might reflect from the cornea into the 
detection means so in the preferred embodiment, flexi- 
ble shields 3 are provided to Wock the direct reflection of 
ambient light from the cornea or sclera 30 into the 

55 detection means. As described in more detail later, the 
near-infrared measurement energy is modulated so that 
it can be discriminated from any remaining ambient 
light. 

A visible light projector 31 is provided to generate a 
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central fixation point, other alignment cues, and addi- 
tional information for the user. Mirror surface 32 com- 
prises a dichroic coating which transmits near-infrared 
energy and reflects the visible light coaxially with the 
near-infrared source beam. Projection lens 33 projects 5 
the target pattern 34 as collimated beams so the target 
pattern is visually seen as if it were a great distance 
away. When the eye is properly located, light 37 from 
the central fixation-point target 36 passes through the 
pupil and is imaged on the retina so that the fixation w 
point is visible to the user. If the eye is far from centered, 
the fixation-point light is blocked by the iris and it is 
therefore not visible. 

Preferably, as an aid to the user, additional visual 
alignment cues 36 and 37 are provided and arranged so is 
that they appear adjacent to and surround the central 
fixation point. In order to enhance the information pro- 
vided the user, the optics are arranged so that the light 
from these cues is partially or completely blocked by the 
iris when the eye is centered. To accomplish this, the 20 
lens 33 also images the color separator 38 on the iris 
10. Therefore, when the eye is centered, green light 
passes through the center of the pupil, yellow light is 
partially or completely blocked, depending on the pupil 
diameter, and red light is totally blocked by the iris. The 25 
optical color filtration and target geometry are such that 
the central fixation point 36 is green, the inner arrows 37 
are yellow, and the outer arrows 38 are red. When the 
eye is centered, the user therefore sees a green fixation 
point, perhaps surrounded by dimmer yellow arrows of so 
equal brightness and no red arrows. With decentering, 
one or two yellow arrows get brighter and then the green 
fixation point begins to disappear as one or two red 
arrows appear. The arrows always indicate the direction 
to the central fixation point. The light source 39 prefera- 35 
bly comprises a number of different colored light emit- 
ting diodes whose energy is transferred to the 
appropriate areas of target 34 by the lenses 40. This 
provides individual control of the various target cues, 
which may be expanded to include one or more seven 40 
segment or other display elements 41. 

Conversely, in a second preferred arrangement 
shown in figure 5. the optical path is reversed with the 
detection aperture placed near the corneal focal point. 
Thus light reflected from the iris parallel to the optical 45 
axis will be focused into the detection means. This 
arrangement is preferred for spectrally selective detec- 
tion means, such as a diode array spectrophotometer, 
which have limited optical throughput. Source 42 pro- 
vides energy over the entire spectral bandwidth so 
required, preferably using multiple light emitting diodes 
which can be electrically modulated at high rates and 
which have very long life. Alternatively, small tungsten 
filament lamps may be used, electrically modulated or 
mechanically modulated at a slower rate. The energy is ss 
collected by condensing optics 43. which comprise 
lenses or. alternatively, light pipes, and is then directed 
through the segmented lens/window 20 described 
above to illuminate the iris 10 of the eye. After being 
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reflected back through the aqueous humor 8 and the 
cornea 9, the energy passes through the dichroic mirror 
32 and enters the aperture 44 of the detection means. 
Some of the energy from the sources 42 is directed by 
lens 45 to segmented mirror 46 and thence to the detec- 
tion aperture 44. Preferably, an electro-optical shutter, 
for example comprising a liquid crystal element, 
mounted in front of lenses 43 and 45, provides for alter- 
nately illuminating the eye via segmented lenses 43 and 
20 or directing the source energy via lenses 45 and mir- 
ror 46 directly to the detection means or blocking the 
light completely, thus providing the ability to modulate 
the light source and to switch from reference to sample. 
Alternatively, as shown in figure 5, a mechanical chop- 
per 47, mounted on bearings 48 and driven by printed 
circuit motor 49 is used to provide these functions. The 
visible light projector 31 described above is also used in 
this configuration. 

In all these optical arrangements, the object is to 
obtain efficient transfer of energy from the source to the 
eye and from the eye to the detection means, while con- 
trolling the extent of the illumination and detection 
regions at the eye. Although the preferred arrange- 
ments described above incorporate lenses and mirrors, 
those skilled in the art will recognize that light pipes and 
ffoer-optic elements may equally be used for some of 
these purposes. Also, the light emitting diodes 
described as the sources in the preferred implementa- 
tion may be replaced by other types of sources, for 
example, small tungsten filament lamps. 

In the first preferred embodiment of this invention, 
the light source defines the spectral separation of the 
various measurement wavelengths by sequentially turn- 
ing on multiple sources of narrow band radiation or by 
modulating broad-band radiation as a function of wave- 
length. A preferred implementation of the former 
method utilizes light emitting diodes positioned with a 
diffraction grating so that the light of only a narrow wave- 
length band, typically 10 to 20 nanometers wide, from a 
particular diode will pass through the exit slit Essen- 
tially, the diodes form multiple entrance slits to a spec- 
trograph which has a single exit slit, the reverse of 
traditional operation. The wavelengths radiated from a 
light emitting diode of a given material composition typ- 
ically cover a range of up to 200 nanometers thus many 
diodes may be formed on a single piece of material to 
provide energy at a multiplicity of wavelengths. Several 
diode substrates of different material composition may 
be used to cover the wavelength range of interest. An 
alternative known method employs narrow-band inter- 
ference filters placed in front of individual diodes 
together with optical means to combine the energy from 
many such sources into a single beam. In either case, 
the diodes may be modulated electrically so that only 
one is turned on at a time or so that they operate simul- 
taneously, each with a different modulation pattern 
which can be uniquely demodulated after detection, e.g. 
a pseudo-random code demodulated via the Hadamard 
transform. 



6 



11 EP 0 589 191 B1 12 



In the alternative embodiment of this invention 
wherein the source is a broad-band source and the 
detection means provides the spectral selectivity, a pre- 
f erred known configuration utilizes a diode-array spec- 
trophotometer comprising an entrance slit, concave 
holographic grating, and diode-array detector. Improve- 
ments to such a diode-array spectrophotometer are 
described by Stark (US Pat 4,997,281). A diode-array 
detector can also be used in conjunction with an inter- 
ference filter having a linear gradient in center wave- 
length. 

It is also evident to those skilled in the art that a 
broad-band source may be modulated by an interferom- 
eter, as in Fourier transform spectroscopy, or by a elec- 
tro-optical or moving mask, as in Hadamard transform 
spectroscopy, to encode wavelength information in the 
time domain. Also, a discrete wavelength band may be 
selected and scanned in center wavelength using, for 
example, an acousto-optical tuned filter. Ail that is 
required for the practice of this invention is one or more 
near-infrared sources, which provide energy at many 
wavelengths, near-infrared detection means, and 
means to distinguish information at each of said wave- 
lengths after detection. 

Figure 6 is the block diagram of the first preferred 
embodiment of this invention using light emitting diodes 
52 and a inverse grating spectrometer 53 as the source. 
The energy from the light emitting diodes is spectrally 
narrowed and combined in the inverse grating spec- 
trometer 53 and then transferred by the transfer optics 
54 from the exit slit of the spectrometer 53 to the source 
aperture 17 of the eye interface optics and detector 
module 55 described previously in reference to figure 2. 
The eye signal from detection elements 24 and the ref- 
erence signal from detection element 25 are preampli- 
fied and sent to the signal A/D converter, demodulator, 
preprocessor 56. 

The operation of the system is controlled by the 
sequencer 51 which provides the timing for the light 
emitting diode modulation to the diode driver electronics 
50 and for the demodulation performed by the signal 
analog to digital converter, demodulator, and preproces- 
sor 56. The modulation/demodulation signal waveform 
and processing are designed so that constant (DC) sig- 
nals and signals at the powerline frequency and its har- 
monics are rejected while the modulated signals from 
the light emitting diodes are demodulated and utilized. 
The preprocessor standardizes the signals based on 
measured and stored instrument characteristics and the 
measured reference signal data. The resultant spectral 
signals are expressed as the corrected ratio of the eye 
and reference signals, linearized with respect to con- 
centration, e.g. by taking the log of the ratio to generate 
absorbance. Due to the variable length of different paths 
through the anterior chamber of the eye, more complex 
empirically derived linearization functions are preferred. 
In addition, other known preprocessing techniques, 
such as multiplicative signal correction, derivatives, and 
derivative ratios are utilized to minimize the effects of 



undesired signal variables. 

The spectral signals are processed in the multivari- 
ate spectral signal analyzer 57 using the stored calibra- 
tion and signal analysis vectors 58. In the analyzer 57, 

5 the signals are classified as to their similarity to the sig- 
nals used in calibration using known multivariate classi- 
fication techniques. Inaccurate signals are rejected and 
a diagnostic indication provided to the user via the dis- 
play driver and storage 59. the previously described dis- 

10 play in the visible projector 31 , and the aural signal 61 . 
Sufficiently accurate signals are further processed 
using multivariate estimation techniques such as multi- 
ple linear regression (MLR), principle components 
regression (PCR), and partial least squares regression 

15 (PLS), as described by Martens and Naes. Additional 
tests of the validity of the glucose estimates are per- 
formed during this spectral modeling process. Valid glu- 
cose results are averaged and sent to the display driver 
and storage 59, where the result are stored for later 

20 recall as desired by the user, and thence to the visual 
display 60. Visual and aural indications are provided if 
errors occur and for instrument diagnostic purposes. 

Figure 7 is the block diagram of the alternative elec- 
tro-optical data acquisition subsystem using a diode 

25 array spectrometer. The broad-band light source is 
within the eye interface optics, sources, and shutter 
module 62 described previously with respect to Figure 
5. The light reflected from the eye exits this module via 
the aperture 44 and is transferred to the entrance slit of 

30 the grating spectrometer 64 by the transfer optics 63. 
The diode array detector 65 outputs a signal for each 
wavelength band being measured. The preamplifier- 
multiplexer- A/D converter-preprocessor 66 amplifies 
and combines the individual diode signals into an A/D 

35 converter. Sequencer 67 controls the modulation of the 
light sources and shutter and provides timing to the pre- 
processor for demodulation of the reference and eye 
signals. From this point on, the operation of the preproc- 
essor is the same as described above and this embodi- 

40 ment provides the same type of spectral signals to the 
multivariate signal processor and readout. 

While the foregoing description and drawings repre- 
sent the preferred embodiments of the present inven- 
tion, it will be obvious to those skilled in the art that 

45 various changes and modifications may be made 
therein without departing from the scope of the present 
invention. 

Claims 

50 

1. A method of determining non-invasively and in vivo 
the unknown value of blood glucose, said method 
comprising the steps of: 

55 a) irradiating in vivo and non-invasively the eye 

with near-infrared energy having at least sev- 
eral wavelengths so that the energy is reflected 
from structures within the eye and reemerges 
having undergone differential absorption of at 
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least some of said wavelengths characteristic 
of glucose and other constituents of the eye 
and their respective unknown concentrations; 

b) measuring the spectral intensity of the near- 
infrared energy reemerging from the eye and 5 
producing electrical signals representative of 
said measured intensity; and 

c) calculating the unknown concentration of 
blood glucose from variations of said measured 
intensity signals. 10 

2. The method of claim 1 wherein said calculating step 
includes processing said measured intensity sig- 
nals using multivariate modeling and calibration 
techniques. 15 

3. The method of claim 1 or 2 wherein said near infra- 
red energy is narrow band having a center wave- 
length, and said method includes the steps of 
sequentially varying said center wavelength and 20 
using a non-wavelength-specific detection device 

for providing electrical signals representative of a 
multitude of wavelengths necessary for determina- 
tion of glucose concentration. 

25 

4. The method of claim 1 or 2 wherein said near infra- 
red energy is broad band and optically encoded 
with respecxt to wavelength spectral information in 
a manner such that it is able to be decoded after 
detection. 30 

5. Apparatus for determining non-invasively and in 
vivo the unknown value of blood glucose compris- 
ing: 

35 

means for irradiating in vivo and non-invasively 
an eye with near-infrared energy having at 
least several wavelengths so that said energy 
is reflected from structures within the eye and 
reemerges having undergone differential 40 
absorption of at least some of said wave- 
lengths characteristic of glucose and other con- 
stituents of the eye and their respective 
unknown concentration; 

means for measuring the spectral intensity of 45 
the near-infrared energy reemerging from the 
eye and producing electrical signals represent- 
ative of said measured intensity; and 
means for calculating the unknown concentra- 
tion of blood glucose from variations of said so 
measured spectral intensity signals. 

6. The apparatus of claim 5 wherein said means for 
calculating includes means for processing said 
measured spectral intensity signals using multivari- ss 
ate modeling and calibration techniques. 

7. The apparatus of claim 5 or 6 wherein said irradiat- 
ing means provides broad band infrared energy 



which is spectrally encoded in narrow wavelength 
bands, said measuring means operating to collect 
the combined reflected energy and convert it to a 
composite electrical signal representative of the 
energy at all wavelengths simultaneously; means 
are also provided for decoding the composite elec- 
trical signals relating to the reflected energy at each 
of the multiplicity of narrow wavelength bands 
which comprise the broad band energy to the eye, 
said calculating means responsive to said coded 
signals. 

8. The apparatus of claim 7 wherein an interferometer 
is provided for spectral encoding of said near-infra- 
red energy and said decoding means is a Fourier 
transform decoder. 

9. The apparatus of claim 7 wherein a time-variable 
encoding mask placed in a dispersed spectral 
image is provided for spectral encoding of said 
near-infrared energy and said decoding means is a 
Hadamard transfer. 

10. The apparatus of claim 7 wherein said encoding 
means includes electrical modulation of multiple 
discrete sources, said decoding means capable of 
separating the modulation from the reflected 
energy. 

11. The apparatus of claim 10 wherein said sources are 
light emitting diodes. 

1 2. The apparatus of any of claims 5 to 1 1 wherein said 
irradiating means and measuring means are config- 
ured and positioned so that the specular reflection 
of the radiation from the curved anterior surface of 
the cornea is directed away from the detection 
means thereby preventing spectroscopic errors 
associated with the detection of light which has not 
undergone absorption. 

1 3. The apparatus of claim 1 2 wherein said measuring 
means is configured and positioned so that extra- 
neous light from a surrounding environment is sub- 
stantially blocked and does not reach the detection 
means. 

14. The apparatus of any of claims 5 to 13 also includ- 
ing means for modulating the energy providing by 
said irradiating means and wherein said measuring 
means and calculating means are responsive only 
to said modulating signals while discriminating 
against unmodulated or power line related modula- 
tion signals. 

15. The apparatus of any of claims 5 to 14 also includ- 
ing fixation means for producing visible light so 
directed as to provide a fixation point fa a user, 
thereby aiding the user to maintain the proper loca- 
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tion and orientation of the apparatus. 

16. The apparatus of claim 15 wherein said fixation 
means provides visible light at an intensity to cause 
the pupil to contract thereby maximizing the reflect- s 
ing area of the iris. 

17. The apparatus of claim 15 or 16 wherein said fixa- 
tion means provides a plurality of visible light 
sources in a pattern indicative of positioning errors 10 
and their direction, the light from which being at 
least partially blocked by the iris when the appara- 
tus is correctly positioned. 

18. The apparatus of claim 5 wherein said means for is 
calculating includes means for processing said 
measured intensity signals by univariate modeling 
and calibration techniques. 

1 9. The apparatus of any of claims 6 to 1 8 wherein sig- 20 
nals produced in said glucose concentration deter- 
mination are, first, classified that they are 
appropriate for use and/or analyzed and can be 
separated to insure that they conform to a multivar- 
iate calibration model. 25 

20. The apparatus of any of claims 5 to 1 9 wherein said 
apparatus includes means for rapidly repeating the 
entire measurement sequence at a sufficiently high 
rate so that motions of hand held operation will not 30 
cause significant errors. 

21. The apparatus of any of claims 5 to 20 wherein 
means are included for providing a visual or aural 
signal to the user to indicate that the signals 35 
obtained are suitable for processing. 

22. The apparatus of claim 21 wherein means are 
included for providing a further visual or aural signal 

to the user that sufficient acceptable signals have 40 
been accumulated, the glucose value is computed 
and that the measurement is complete. 

23. The apparatus of claim 5 wherein said energy is 
broad band and said measuring means provides 45 
separation signals with respect to wavelength. 

24. The method of claim 1 or 2 wherein said energy is 
broad band and said measuring step provides sep- 
aration signals with respect to wavelength. so 

Patentanspruche 

1. Verfahren zur Bestimmung des unbekannten Blut- 
Glucose-Werts auf nicht-invasive Weise und in 55 
vivo, das die folgenden Schrrtte aufweist: 

a) Bestrahlen des Auges in vivo und auf nicht- 
invasive Weise mit mindestens mehrere Wel- 



leniangen aufweisender Energie im mittleren 
Infrarotbereich, so daB die Energie von Struk- 
turen innerhalb des Auges reflektiert wird und 
nach differentieller Absorption von mindestens 
einigen der Welleniangen, die charakteristisch 
fur Glucose und andere Bestandteile des 
Auges und deren jeweilige unbekanrrte Kon- 
zentrationen sind, wieder austritt; 

b) Messen der spektralen Intensitat der aus 
dem Auge wieder austretenden Energie im 
mittleren Infrarotbereich und Erzeugen elektri- 
scher, f Or die gemessene Intensitat reprfisenta- 
tiver Signale, und 

c) Berechnen der unbekannten Konzentration 
von Blut-Glucose aus Veranderungen der 
gemessenen Intensitatssignale. 

2. Verfahren nach Anspruch 1, bei dem der Berech- 
nungsschritt das Verarbeiten der gemessenen 
Intensitatssignale unter Verwendung mehrdimen- 
sionaler Modellier- und Kalibrierverfahren vorsieht. 

3. Verfahren nach Anspruch 1 Oder 2, bei dem die 
Energie im mittleren Infrarotbereich schmalbandig 
mit einer Schwerpunktswelleniange ist, und das die 
Schritte aufweist, die Schwerpunktswelleniange 
sequentiell zu verdndern und eine welleniangenun- 
abhangige Detektionsetnrichtung zum Bereitstellen 
elektrischer, fur eine Vielzahl von zur Bestimmung 
der Glucose-Kbnzentration erforderlichen Wellen- 
iangen reprasentativer Signale zu verwenden. 

4. Verfahren nach Anspruch 1 oder 2, bei dem diese 
Energie im mittleren Infrarotbereich breHbandig und 
bezOglich der spektralen Welleniangen- Information 
in einer Weise optisch kodiert ist, daB sie nach der 
Detektion dekodiert werden kann. 

5. Vorrichtung zur Bestimmung des unbekannten 
Blut-Glucose- Werts auf nicht-invasive Weise und in 
vivo mil: 

einer Einrichtung zur Bestrahlung eines Auges 
in vivo und auf nicht-invasive Weise mit minde- 
stens mehrere Welleniangen aufweisender 
Energie im mittleren Infrarotbereich, so daB die 
Energie von Strukturen innerhalb des Auges 
reflektiert wird und nach differentieller Absorp- 
tion mindestens einiger der Welleniangen, die 
charakteristisch for Glucose und andere 
Bestandteile des Auges und deren jeweilige 
unbekanrrte Konzentration sind, wieder austritt; 
einer Einrichtung zum Messen der spektralen 
Intensitat der aus dem Auge wieder austreten- 
den Energie im mittleren Infrarotbereich und 
zum Erzeugen von fur die gemessene Intensi- 
tat reprasentativen elektrischen Signalen. und 
einer Einrichtung zum Berechnen der unbe- 
kannten Konzentration von Blut-Glucose aus 
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Anderungen der gemessenen spektralen 
Intensitatssignaie. 

6. Vorrichtung nach Anspruch 5. bei der die Einrich- 
tung zum Berechnen Mittel zum Verarbeiten der s 
gemessenen spektralen Intensitatssignaie unter 
Verwendung mehrdimensionaler Modellier- und 
Kalibrierverfahren aufweist 

7. Vorrichtung nach Anspruch 5 Oder 6. bei der die 10 
Bestrahlungseinrichtung breitbandige infrarote 
Energie erzeugt, die spektral in schmalen Wellen- 
langenbandern kodiert ist, wobei die MeBeinrich- 
tung zur Aufnahme der vereinigten reflektierten 
Energie und zu deren Umwandlung in ein zusam- is 
mengesetztes elektrisches Signal, das fOr die Ener- 
gie bei alien Wellenlangen gleichzeitig 
reprasentativ ist, arbeitet, wobei f erner eine Einrich- 
tung zum Dekodieren der zusammengesetzten 
elektrischen Signale vorgesehen ist, die sich auf 20 
die reflektierte Energie bei jeder aus der Vielzahl 
von schmalen, die breitbandige Energie zum Auge 
einschlieBenden Welienlangenbandern beziehen, 
und wobei die Berechnungseinrichtung auf die 
kodierten Signale anspricht. 25 

8. Vorrichtung nach Anspruch 7, bei der ein Interfero- 
meter zum spektralen Kodieren der Energie im mitt- 
leren Infrarotbereich vorgesehen und die 
Dekodiereinrichtung ein Fouriertransform-Dekoder 30 
ist. 

9. Vorrichtung nach Anspruch 7, bei der eine zeitab- 
hangige, in ein aufgeweitetes Spektralbild positio- 
nierte Kodiermaske zum spektralen Kodieren der ss 
Energie im mrttleren Infrarotbereich vorgesehen 
und die Dekodiereinrichtung ein Hadamard-Umset- 

zer ist. 

1 0. Vorrichtung nach Anspruch 7, bei der die Kodierein- 40 
richtung eine elektrische Modulation einer Vielzahl 
diskreter Quellen vorsieht, wobei die Dekodierein- 
richtung zum Trennen der Modulation von der 
reflektierten Energie geeignet ist. 

45 

11. Vorrichtung nach Anspruch 10, bei der die Quellen 
lichtemillierende Dioden sind. 

1 2. Vorrichtung nach einem der Anspruche 5 bis 1 1 , bei 
der die Bestrahlungseinrichtung und die MeBein- so 
richtung so konfiguriert und angeordnet sind, daB 

die spiegelnde Reflexion der Strahlung von der 
gekrummten Vorderflache der Hornhaut von der 
Detektionseinrichtung weggerichtet ist, wodurch 
spektroskopische Fehler verhindert werden, die mit 55 
der Detektion von Licht zusammenhangen, das kei- 
ner Absorption unterzogen wurde. 

13. Vorrichtung nach Anspruch 12, bei der die MeBein- 
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richtung so konfiguriert und angeordnet ist daB 
Fremdlicht aus der Umgebung im wesentlichen 
abgeWockt wird und die Detektionseinrichtung nicht 
erreicht. 

1 4. Vorrichtung nach einem der AnsprOche 5 bis 1 3, die 
wetter eine Einrichtung zur Modulation der von der 
Bestrahlungseinrichtung erzeugten Energie auf- 
weist und bei der die MeBeinrichtung und die 
Berechnungseinrichtung nur auf diese Modulati- 
onssignale ansprechen, wahrend gegen unmodu- 
lierte Signale Oder den Versorgungsleitungen 
zugehonge Modulationssignale diskriminiert wird. 

1 5. Vorrichtung nach einem der AnsprOche 5 bis 1 4, die 
ferner eine Fixiereinrichtung zum Erzeugen von 
sichtbarem Licht aufweist, das so gerichtet wird, 
daB einem Benutzer ein Fixierpunkt zur Verfugung 
gestellt wird. wodurch der Benutzer zum Aufrecht- 
erhalten der richtigen Lage und Ausrichtung der 
Vorrichtung unterstOtzt wird. 

16. Vorrichtung nach Anspruch 15, bei der die Fixier- 
einrichtung sichtbares Licht mit einer eine Kontrak- 
tion der Pupille verursachenden Interisitat erzeugt, 
wodurch der reflektierende Bereich der Iris maxi- 
miert wird. 

17. Vorrichtung nach Anspruch 15 Oder 16, bei der die 
Fixiereinrichtung eine Vielzahl von Quellen sichtba- 
ren Lichts in einem Positionsfehler und deren Rich- 
tung anzeigenden Muster vorsieht, deren Licht 
zumindest zum Teil von der Iris abgeblockt wird, 
wenn die Vorrichtung korrekt positioniert ist. 

18. Vorrichtung nach Anspruch 5, bei der die Einrich- 
tung zum Berechnen Mittel zum Verarbeiten der 
gemessenen Intensitatssignaie durch eindimensio- 
nale Modellier- und Kalibrierverfahren aufweist. 

19. Vorrichtung nach einem der Anspruche 6 bis 18, bei 
der Signale, die bei der Glucose-Konzentrationsbe- 
stimmung erzeugt werden, zuerst daraufhin Wassi- 
fiziert werden, ob sie zur Verwendung geeignet 
und/oder analysiert sind und getrennt werden kOn- 
nen, urn sicherzustellen, daB sie mit einem mehrdi- 
mensionaien Kalibriermodell Qbereinstimmen. 

20. Vorrichtung nach einem der AnsprOche 5 bis 19, bei 
der die Vorrichtung Mittel zum schnellen Wiederho- 
len der gesamten MeBsequenz bei einer ausrei- 
chend hohen Rate aufweist, so daB Bewegungen 
bei Handbetrieb keine wesentlichen Fehler verursa- 
chen. 

21 . Vorrichtung nach einem der Anspruche 5 bis 20. mit 
einer Einrichtung zum Bereitstellen eines visuellen 
Oder hOrbaren Signals fOr den Benutzer, urn anzu- 
zeigen, daB die gewonnenen Signale zur Verarbei- 
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tung geeignet sind. 

22. Vorrichtung nach Anspruch 21, mit einef Einrich- 
tung zum Bereitstellen eines weiteren visueJIen 
Oder hOrbaren Signals fQr den Benutzer dafur, daB s 
ausreichend akzeptaMe Signale aufgenommen 
wurden, der Glucose-Wert berechnet wird und daB 
die Messung vollstandig 1st. 

23. Vorrichtung nach Anspruch 5, bei der die Energie 10 
breitbandig ist und die MeBeinrichtung auf die Wei- 
lenlange bezogene Trenn-Signale zur VerfOgung 
stellt 

24. Verfahren nach Anspruch 1 oder 2, bei dem die is 
Energie breitbandig ist und der MeBschritt auf die 
Wellenlange bezogene Trenn-Signale zur Verfu- 
gung steilt 

Revendications 20 

1. Procede de determination non-invasive et in vivo 
de la valeur inconnue du glucose sanguin, ledit pro- 
cede comprenant les etapes de : 

25 

a) irradiation in vivo et de maniere non-invasive 
de I'oeil avec une energie proche de r energie 
inf rarouge, ayant au moins plusieurs longueurs 
d'onde. de maniere que I'energie soit reilechie 
par des structures se trouvant dans I'oeil et res- 30 
sort en ayant subie une absorption difteren- 
tielle d'au moins une certaine partie de ladite 
longueur d'onde caracteristique du glucose et 

d'a Litres constrtuants de I'oeil, et de leur con- 
centration inconnue respective; 35 

b) mesure de I'intensite spectrale de I'energie 
proche de I'energie infrarouge ressortant de 
I'oeil et production de signaux electriques 
representatifs de ladite intensite mesuree; 40 

c) calcul de la concentration inconnue du glu- 
cose sanguin, a partir de variations desdits 
signaux d'intensite mesures. 

45 

2. Procede selon la revendication 1 , dans lequel ladite 
etape de calcul comprend le traitemerrt desdits 
signaux d'intensite mesuree a i'aide de techniques 
de modelisation et de caiibrage murtidimensionnel. 

so 

3. Procede selon la revendication 1 ou 2, dans lequel 
ladite energie proche de I'energie infrarouge forme 
une bande etroite ayant une longueur d'onde cen- 
trale. et ledit procede comprend les etapes de 
variations sequentielles de ladite longueur d'onde 55 
centrale et Putilisation d'un dispositif de mesure non 
specrfique a une longueur d'onde, afin de fournir 
des signaux electriques representatifs d une plura- 
lity de longueurs d'onde necessaires pour la deter- 



mination d'une concentration en glucose. 

4. Proced6 selon la revendication 1 ou 2, dans lequel 
ladite energie proche de I'energie infrarouge forme 
une bande large et est codee optiquement par rap- 
port a une information spectrale de longueur 
d'onde, de maniere a pouvoir etre decodee apres la 
detection. 

5. Appareil de determination non-invasive et in vivo de 
la valeur inconnue du glucose sanguin, comprenant 



un moyen servant a irradier in vivo et de 
maniere non-invasive un oeil avec une energie 
proche de I'energie infrarouge, ayant au moins 
plusieurs longueurs d'onde, de maniere que 
ladite energie soit ref lechie par des structures 
se trouvant dans I'oeil et ressorte en ayant subi 
une absorption differentielle d'au moins une 
certaine partie de ladite longueur d'onde carac- 
teristique du glucose et d'autres constrtuants 
de I'oeil, et de leur concentration inconnue res- 
pective; 

un moyen servant a mesurer I'intensite spec- 
trale de I'energie proche de I'energie infrarouge 
ressortant de I'oeil et produire des signaux 
electriques representatifs de ladite intensite 
mesuree; et 

un moyen servant a calculer la concentration 
inconnue du glucose sanguin, a partie des 
variations desdits signaux d'intensite spectrale 
mesures. 

6. Appareil selon la revendication 5, dans lequel ledit 
moyen de calcul comprend un moyen de traitement 
desdits signaux d'intensite spectrale mesuree a 
I'aide de techniques de modelisation et de caii- 
brage multidimensionnel. 

7. Appareil selon la revendication 5 ou 6, dans lequel 
ledit moyen d'irradiation fournrt une energie infra- 
rouge a bande large qui est codee de fagon spec- 
trale dans des bandes de longueur d'onde etroite, 
ledit moyen de mesure servant a collecter I'energie 
ref lechie combinee et a la convertir en un signal 
electrique composite representatif de I'energie de 
simultanement toutes les longueurs d'onde; des 
moyens sont egalement prevus pour decoder les 
signaux electriques composites concernant I'ener- 
gie ref lechie, pour chaque bande de la pluralite de 
bandes etrortes de longueur d'onde qui constituent 
I'energie & bande large appliquee & I'oeil, ledit 
moyen de calcul repondant auxdits signaux codes. 

8. Appareil selon la revendication 7, dans lequel un 
interferometre est prevu pour effectuer un codage 
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spectral de ladite energie proche de I'energie infra- 
rouge et ledrt moyen de decodage est un decodeur 
de transformee de Fourier. 

9. Appareil selon la revendication 7, dans iequel un 5 
masque de codage variable dans le temps, place 
dans une image spectrale dispersee, est destine k 

un codage spectral de ladite energie proche de 
I'energie irrfrarouge et I edit moyen de decodage est 
un disposrtif de transfert Hadamard. w 

10. Appareil selon la revendication 7, dans Iequel (edit 
moyen de codage comprend une modulation elec- 
trique de source discrete multiple, (edit moyen de 
decodage pouvant separer la modulation de I'ener- is 
gie ref lechie. 

11. Appareil selon la revendication 10, dans Iequel les- 
dites sources sont des diodes luminescentes. 

20 

1 2. Appareil selon Tune quelconque des revendications 
5 a 1 1 , dans Iequel ledit moyen d'irradiation et ledit 
moyen de mesure sont configures et positionnes de 
maniere que la reflexion speculaire du rayonne- 
ment depuis la surface avant incurvee de (a cornee 25 
soft orient ee depuis le moyen de detection, empe- 
chant de ce fait toute erreur spectroscopique asso- 
ciee a. la detection de lumiere qui n'a pas subie 
d'absorption. 

30 

13. Appareil selon la revendication 10, dans Iequel ledit 
moyen de mesure est configure et positionne de 
maniere qu'une lumiere etrangere provenant d'un 
environnement exterieur soit sensiblement bloquee 

et n'atteigne pas le moyen de detection. 35 

14. Appareil selon Tune quelconque des revendications 
5 613, comprenant egalement un moyen servant a 
moduler I'energie fournie par ledit moyen d'irradia- 
tion et dans Iequel ledit moyen de mesure et le <o 
moyen de calcul repondent seulement auxdits 
signaux de modulation, tout en effectuant une dis- 
crimination des signaux de modulation non modu- 
les ou relatifs a une ligne ('alimentation. 

45 

15. Appareil selon I'une quelconque des revendications 
5 6 14, comprenant egalement un moyen de fixa- 
tion servant a produire une lumiere visible orierrtee 
de maniere a. fournir un point de fixation a un utilisa- 
teur, aidant de ce fait i'utilisateur a maintenir so 
('emplacement et I'orientation correcte de I'appareil. 

16. Appareil selon la revendication 15, dans iequel ledit 
moyen de fixation fournit une lumiere visible & une 
intensite permettartt de provoquer la contraction de ss 
la pupille, rendant maximale de ce fait I'aire de 
reflexion de I'iris 

17. Appareil selon la revendication 15 ou 16. dans 



Iequel ledit moyen de fixation fournit une pluralite 
de sources de lumiere visible selon un motif indica- 
trf d'erreurs de positionnement et de leur direction, 
la lumiere en provenant etant au moins partielle- 
ment bloquee par I'iris lorsque I'appareil est dispose 
correctement 

18. Appareil selon la revendication 5, dans Iequel ledit 
moyen de calcul comprend un moyen de traitement 
desdits signaux cfintensite mesuree, par des tech- 
niques de modelisation et de calibrage 6 une 
dimension. 

1 9. Appareil selon Tune quelconque des revendications 
6 a 18, dans Iequel des signaux produits lors de la 
determination de la concentration de glucose sont 
d'abord tries de facon a etre appropries pour une 
utilisation et/ou analyses et peuvent etre separes 
af in de s'assurer qu'ils se conforment a un modele 
de calibrage murtidimensionnel. 

20. Appareil selon Tune quelconque des revendications 
5 a 19, dans Iequel ledit appareil comprend un 
moyen de repetition rapide de toute la sequence de 
mesure a une cadence suffisamment eJevee, de 
maniere que des mouvements venant d'une opera- 
tion manuelle ne provoquent aucune erreur signifi- 
cative. 

21 . Appareil selon I'une quelconque des revendications 
5 a. 20, dans Iequel des moyens sont inclus afin de 
fournir un signal visuel ou aud'rtif a rutilisateur indi- 
quant que les signaux obtenus conviennent pour un 
traitement. 

22. Appareil selon la revendication 21, dans Iequel des 
moyens sont inclus afin de fournir un autre signal 
visuel ou audrtif a I'utilisateur, indiquant qu'une 
quantite suffisante de signaux acceptables a ete 
accumulee, que la valeur de glucose est calcutee et 
que la mesure est achevee. 

23. Appareil selon la revendication 5, dans Iequel ladite 
energie forme une bande large et ledit moyen de 
mesure fournit des signaux de separation par rap- 
port a la longueur d'onde. 

24. Procede selon la revendication 1 ou 2, dans Iequel 
ladite energie est une bande large et ladite etape 
de mesure fournit des signaux de separation par 
rapport k la longueur d'onde. 
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